Background: TNM staging alone does not accurately predict outcome in colon cancer (CC) patients who may be eligible for adjuvant chemotherapy. It is unknown to what extent the molecular markers microsatellite instability (MSI) and mutations in BRAF or KRAS improve prognostic estimation in multivariable models that include detailed clinicopathological annotation.
Introduction
Colon cancer (CC) is a leading cause of cancer mortality worldwide [1, 2] . Initial patient management is defined by TNM stage at diagnosis, based on depth of tumor wall invasion, lymph node involvement and distant metastasis. This simple staging system, now at its seventh edition, is widely used, clinically useful and is highly associated with 5-year overall survival (OS), ranging from 92% in stage I to 11% in stage IV [3] . However, in patients with stage II and III CC, TNM staging less clearly distinguishes groups of patients with different prognosis, particularly in those who receive adjuvant chemotherapy, with 5-year OS between 50% and 90% [3] . Additional patient or disease characteristics known to affect survival in CC, including age, sex, primary site location, tumor grade, number of positive lymph nodes (LNs), number of examined LNs, lymphovascular and perineural invasion, bowel obstruction or perforation, and adjuvant treatment (fluoropyrimidine single agent or in combination with oxaliplatin) [4] [5] [6] , are currently not directly included in American Joint Commission on Cancer (AJCC)-based risk determinations.
The AJCC has increasingly recognized the growing need for more accurate and probabilistically based outcome prediction for precision medicine by incorporating additional anatomic and nonanatomic prognostic factors. This could be achieved through the use of accurate risk models and web-based calculators. The AJCC Precision Medicine Core has recently established inclusion and exclusion criteria necessary for a risk model to potentially be endorsed by the AJCC, with the emphasis centered on performance metrics, implementation clarity, and clinical relevance [7] . Recommended performance measures in survival analysis include concordance index (c-index) and time-dependent area under the curve (tAUC). The c-index represents the probability that a model will correctly predict which of two randomly selected patients will experience an event before the other. The tAUC involves computing sensitivity and specificity at multiple time points, which provides more comprehensive information about the model predictive power than the c-index. The integrated (iAUC) is a weighted time-averaged summary of tAUC.
Previously, to estimate the value of clinicopathological covariates in prognosis prediction in stage III CC, data from close to 16 000 patients accrued to phase III clinical trials were aggregated (ACCENT database) and used to construct multivariable Cox models for OS [4] . Authors have shown that both patient and disease characteristics provide clinically significant information for OS prediction and developed calculators that better discriminate patient risk than does TNM staging alone [8] . Of note, the cindex rose from 0.58 for the TNM system model to 0.66 for the model that included TNM and detailed clinicopathological annotation [4] . These numbers confirm that there is room for improvement of prognosis prediction in intermediate-risk CC. Indeed, biomarker analysis of multiple studies strongly supports the feasibility of refining risk stratification by factoring in molecular characteristics with tumor staging [9] . In stage II disease, e.g. microsatellite instability (MSI) defines a population with low recurrence rates and very good outcome without adjuvant treatment [10, 11] . BRAF V600E or KRAS mutations confer worse survival in patients with stage II and III disease, and their value as additional risk factors is greater when MSI status and primary tumor location are taken into account [12] [13] [14] .
In this article, we assess whether the addition of cancer cell molecular markers (MSI, BRAF V600E mutations and KRAS mutations) can improve prediction of OS over traditional clinicopathological covariates in patients with nonmetastatic CC. To meet the high levels of evidence required by the AJCC for potential endorsement, the project involved multiple institutions capable of contributing expertise and large cohorts, both clinical trial data and observational studies. Here we present the results of this effort, first with a description of how molecular markers of interest associate with selected clinicopathological features, then with a detailed performance analysis of models containing TNM staging, clinicopathological and/or molecular markers in multiple validation cohorts.
Methods-patients
Our study population included 8904 patients diagnosed with stage I-III CC, treated or untreated with adjuvant chemotherapy, with clinicopathological and molecular annotation for variables of interest. Patients diagnosed with rectal cancer or stage IV CC were not eligible, and those with stage I CC (n ¼ 832) were included only in the descriptive correlative analysis and excluded from survival models ( Figure 1 ). The endpoint of interest was 5-year OS, measured from time of cancer diagnosis until death from any cause, censored at last follow-up or at 5-year post-diagnosis. The covariates considered for inclusion in the models were as follows: Datasets splits, summarized in Figure 1 and All patients with stage II tumors from clinical trial cohorts (PETACC-3 only) were allocated to the train data, and those with stage III tumors were randomly distributed in train (2/3 of samples) and val1 (1/3 of samples). Data split in the external validation cohorts was based on availability of complete clinicopathological annotation and adjuvant therapy: val2 (chemotherapy-treated with complete annotation); val3 (untreated with complete annotation); val4 (unknown adjuvant therapy status or missing clinicopathological annotation).
Methods-statistical considerations
In total, 2821 samples had missing values for one or more covariates. Patterns of co-missingness among multiple covariates were generally attributable to the specific data collection patterns of individual studies. As a result, missing data was not missing at random (MAR), resulting in a subset of samples (n ¼ 1910) with missing parameters that could not be imputed. For the remaining samples (n ¼ 991), multiple imputation was carried out via the "mice" R package [19] , separately for each cohort, with all variables except adjuvant therapy. Samples from validation cohorts that could not be imputed were aggregated in val4. A subset of these samples (n ¼ 782) had annotation on TNM staging plus molecular markers and was used to validate models that did not include clinicopathological features or had unknown adjuvant treatment information.
Following imputation, multivariable Cox proportional hazards models were formulated using factors that demonstrated statistical significance for OS in univariate models (with P< 0.10 according to a log-rank test). Age was modeled using restricted cubic splines. The proportional hazards assumption was verified (P¼0.22 across different cohorts; P>0.05 across different datasets within each cohort) and all Cox models were stratified by dataset.
We constructed models with TNM staging alone (TNM), TNM plus molecular markers (TNM.Mol), TNM plus clinicopathological features (TNM.Clin.Path) and all covariates (TNM.Clin.Path.Mol). Final models were validated both internally (train and val1) and externally (val2-val4) to obtain optimism-corrected discrimination for survival data via c-indices, tAUCs and iAUC (1-5 years) using "timeROC" R package [20] . Stage-proportional 5-fold data splitting was performed for internal validation in the train set. We selected a Bayesian method for model comparison-in validation cohorts with complete annotation on markers of interest (val1-val3), the corresponding iAUCs were cross-compared using Bayes factor estimation [21] and bootstrapping procedure. We calculated the relative proportion of explained variance (Cox & Snell pseudo R 2 ) in OS that is accounted for by different categories of predictor covariates using "survival" R package. Calibration plots of predicted probability versus observed proportion were generated using the "rms" R package. All analyses were performed using R statistical software version 3.2.5 [22] .
Results

Association among molecular markers and clinocopathological features
We explored the association of molecular markers and TNM stage and primary site location in the complete patient cohort of stage I, II and III CC (supplementary Figure S1 , available at Annals of Oncology online). There was a stepwise decrease in prevalence of KRAS or BRAF V600E mutations (mutually exclusive in our cohort) moving from the right to left colon (supplemen tary Figure S1A , available at Annals of Oncology online). KRAS or BRAF V600E mutations were 2 times more likely to be found in the caecum as compared to sigmoid colon (supplementary Figure  S1A , available at Annals of Oncology online). The prevalence of BRAF V600E mutations and MSI-high status paralleled each other and exhibited a bell-shaped distribution, with an increase from the caecum to hepatic flexure, then gradual decrease through sigmoid colon (supplementary Figure S1A, Figure 1 . Study workflow, with schematic representation of population used for initial correlative analysis, followed by data splits in training and validation cohorts, data imputation, and survival models.
Oncology online). MSI-high status was 4 times more prevalent in tumors of the right colon as compared to the left, and 2 times higher in stage II versus stage III tumors (supplementary Figure  S1B , available at Annals of Oncology online). KRAS and BRAF V600E mutations were equally distributed across stages (sup plementary Figure S1C and D, available at Annals of Oncology online). KRAS mutations were 2 times more frequent in MSS/MSIlow compared to MSI-high tumors (supplementary Figure S1C , available at Annals of Oncology online). On the contrary, BRAF V600E mutations were 8 times more prevalent in MSI-high as compared to MSS/MSI-low tumors (supplementary Figure  S1D , available at Annals of Oncology online). Finally, we observed a higher proportion of high-grade tumors with increasing pT (pT1-pT4) and pN (pN0-pN2) stage, with 2 times higher prevalence of poorly differentiated carcinomas in MSI-high tumors as compared to MSS/MSI-low (supplementary Figure  S1E , available at Annals of Oncology online).
Prognostic associations
Demographics, tumor-related characteristics and molecular markers of the different cohorts of patients with stage II or III CC included in survival models are described in Table 1 . As a result of our data split approach, the training and external validation cohorts are heterogeneous with respect to adjuvant chemotherapy treatment and additional covariates. In univariate Cox models, all clinicopathological features and molecular markers demonstrated a statistically significant association with OS in both the training and all validation cohorts (data not presented). Figure 2 illustrates Kaplan-Meier OS curves in clinical trial cohorts and observational studies, with stratification by molecular subgroup. Overall, hazard ratios for the association of BRAF
V600E
or KRAS mutations with worse OS were repeatedly significant in MSS/MSI-low tumors (supplementary Table S1 , available at Annals of Oncology online). Patients whose tumors were MSS/ MSI-low and BRAF V600E mutated had the highest risk of death across all cohorts. Five-year OS rates in stage III CC patients treated with oxaliplatin-based adjuvant chemotherapy (train) ranged from 62% (95% CI 56-70%) if the tumors were MSS/ MSI-low BRAF V600E mutated to 83% (95% CI 77-90%) if the tumors were MSI-high KRAS/BRAF V600E wild-type. The corresponding numbers in stage II untreated CC patients (val3) were 66% (95% CI 52-85%) and 90% (95% CI 80-99%), respectively.
In multivariable analyses, detailed in Table 2 , all examined factors were statistically significant for OS prediction in the train and val1 cohorts (clinical trial data). In val2 and val3 cohorts (complete clinicopathological annotation), MSI status and BRAF V600E mutations remained independent prognostic factors, together with pT and pN staging. We found no statistically significant interaction between molecular markers and clinicopathological features with impact on patient outcomes. Table S3 , available at Annals of Oncology online) and corresponding bootstrapped iAUCs (Figure 3B and supplementary Table S4 , available at Annals of Oncology online) confirmed that there is strong evidence that all models with clinicopathological features and/or molecular markers provide significantly improved OS prediction when compared to TNM-only models. On the other hand, when comparing the TNM.Clin.Path.Mol model with gold standard TNM.Clin.Path model in patient cohorts patients treated with adjuvant chemotherapy (val1 and val2), we did not find evidence for superiority, with K-values less than 2 (supplementary Table  S4 , available at Annals of Oncology online). Detailed tAUCs of models are shown in supplementary Figure S3 , available at Annals of Oncology online.
Risk discrimination was consistently better in patient cohorts that received adjuvant chemotherapy, mirroring the training data. We then focused on this population (train, val1 and val2) to illustrate the relative contribution of different factors for prognosis prediction ( Figure 3C) . In multivariable models, the relative proportion of variance explained (R 2 ) by TNM staging, clinicopathological features and molecular markers was 59%, 31% and 10%, respectively, in clinical trial cohorts. The corresponding numbers in observational studies were 72%, 18% and 10%.
Discussion
In an era of precision medicine and increased public awareness and access to health information, movement toward individualized prognostic estimation is critical for both treatment planning and patient-physician communication. In this study we focused on well-defined cancer cell molecular markers in intermediate-risk CC. First, we confirmed that the prevalence of KRAS and BRAF V600E mutations and MSI-high varies significantly throughout the colon [13] . Other studies have shown that the biological differences between right-and left-sided carcinomas also extend to the gene expression level, which translate into different prognosis and response to anti-EGFR therapy [23, 24] . Indeed, we found that primary tumor site was one of the strongest clinicopathological determinants of survival, with worse outcomes for those diagnosed with right-sided tumors.
Next, we investigated to what extent these markers impact the prediction of 5-year OS in multivariable models that include patient and disease characteristics. The selection of OS as the endpoint of interest is based on its proven association with the AJCC-TNM staging system, unambiguous clinical relevance and unbiased interpretation. We demonstrated that there is a statistically significant increase in the performance of models when KRAS/BRAF mutation and MSI status are added to TNM models. Therefore, from an individual patient perspective, these molecular markers significantly improve the ability to discriminate risk of death over TNM staging alone. Interestingly, the molecular markers tested in our series have high prognostic impact in small subgroups of patients, particularly those whose tumors are MSS/ MSI-low and BRAF V600E mutated. On the contrary, from a population or modeling perspective, there is marginal (albeit not statistically significant) impact of adding this set of molecular markers to clinicopathological models currently available to make critical prognostic estimations. The existing data do not support routine KRAS/BRAF mutation plus MSI testing, with its added cost, for improved prognostic stratification of n = 149 (5%) Table S1 , available at Annals of Oncology online. nonmetastatic CC patients eligible to adjuvant chemotherapy as per TNM staging and clinicopathological features. Therefore, our results do not justify a revision of existing web-calculators for widespread adoption by the medical community [4] . However, it is important to emphasize that full models described here achieved c-indices ranging from 0.70 to 0.74 in validation cohorts treated with adjuvant chemotherapy ( Figure 3A) , numbers exceeding those that have been reported with models lacking molecular annotation (c-index of 0.66) [4, 5] . This may be in part related to more accurate TNM staging and clinicopathological annotation in the contemporary cohorts included in our study. Major strengths of our work include compliance with AJCC recommendations for potential model endorsement [7] , and the significant clinicopathological and molecular heterogeneity in the validation datasets, reflecting major differences in clinical trial cohorts and observational studies-which increases generalizability of our findings. We recognize that clinicopathological annotation available for modeling in our series is not complete, and some covariates with well-established prognostic impact were not examined, including lymphovascular and perineural invasion, and tumor presentation with obstruction or perforation [9] . Another limitation of our study is the lack of annotation on exposure to these targeted agents in the metastatic setting, which is known to interact with KRAS/BRAF mutations. Nevertheless, the differences in OS according to molecular subgroups depicted in Figure 2 are likely related not only to patient outcome in the metastatic setting but also to the risk of disease relapse. Indeed, previous reports from clinical trials included in our study have shown that both disease-free survival and survival after relapse are affected by MSI status and KRAS/BRAF V600E mutations [12, 13] . Lastly, in an era of next-generation sequencing in clinical labs, other patient subgroups with specific molecular changes that have strong impact for precision medicine may be identified, such as the recently described subpopulation with POLE mutations [25] . Additionally, nongenetic markers linked to microenvironment components have demonstrated independent prognostic value in stage I to III CC. These include immune infiltration patterns-tumor infiltrating lymphocytes [26] and immunoscore [27] , e.g.-and gene expression signatures that reflect stromal infiltration with epithelial-mesenchymal transition [17] or activated cancer-associated fibroblasts [28, 29] . Interestingly, these signatures may correlate with an immunosuppressive microenvironment [30] and resistance to standard adjuvant chemotherapy [31, 32] , supporting the idea that an activated immune microenvironment in early stage CC is a strong determinant of the risk of distant dissemination. Future studies evaluating predictive performance of survival models in CC should incorporate larger mutation panels and signatures that reflect immune and stromal activation status, and take into account therapies received after relapse, particularly targeted agents and immunotherapies that potentially interact with molecular markers.
To conclude, we believe that our work represents a foundation for similar efforts trying to optimize prognostic stratification of CC by integrating molecular markers with clinicopathological features. Such an individualized and comprehensive approach to prognostication, with model-based staging, will aid in patientphysician communication, development of rational follow-up schedules and hopefully risk-adaptive therapies.
